Intestinal epithelial barrier integrity defects are frequently seen during intestinal inflammation. This article highlights the composition of the intestinal epithelium and summarizes mechanisms that lead to the disruption of barrier integrity promoting the development of inflammatory bowel diseases.
T he intestine has to meet a lifelong service of proper food digestion and nutrient absorption; however, this responsibility for import from the outside to the inside of the body is not without challenges. The intestinal tract is exposed to a plethora of food-borne antigens and bacterial antigens in the microbiota. At the same time the gut harbors a large part of the immune cells of the body whose task is to identify and fight off foreign antigens and microbial threats. The epithelial cell layer prevents excessive contact of these antigens with the immune cells and thereby also protects the gut from unwanted immune reactions. This is achieved by the sophisticated organization of the intestinal epithelium, which establishes a tightly regulated barrier. 1 The intestinal epithelium is built of monolayered columnar epithelial cells that are tightly connected by tight junctions (TJs). 2 Although TJs can be considered as a part of the physical barrier, specialized intestinal epithelial cells (IECs), such as goblet cells and Paneth cells, take over miscellaneous functions of antimicrobial defense, which make them crucial parts of the innate immune system. Goblet cells secrete a variety of antimicrobial molecules, such as trefoil factors and mucins. 3 Mucin secretion constitutes a thick mucus layer to prevent excessive direct contact of bacteria to the epithelial cell surface and thereby to protect against invasive pathogens. Paneth cells are professional producers of antimicrobial peptides, which are secreted within the crypts of the small intestine. 4 However, controlled antigen delivery to immune cells plays an important role in the education of the gut immune system. For instance, specialized epithelial cells, M (microfold)-cells, which are abundant within the follicle-associated epithelium but also appear along the crypt-villous axis, take up intestinal microbes and their antigens and forward them to resident immune cells in the gut-associated lymphoid tissue, supporting the maturation of the immune system. 5 Thus the intestinal epithelium, rather than a strict barrier, constitutes a highly regulated gate controlling the admission of antigens to serve the host's health. Epithelial barrier integrity is challenged by the high rate of cell turnover. The epithelium is completely renewed within only 4-5 days with cells shedding into the gut lumen at the surface and proliferation of stem cells within the intestinal crypt replacing the constant cell loss. 6 A failure of coordinated replenishment can cause severe barrier defects leading to excessive invasion of luminal antigens and intestinal inflammation, such as seen in patients with ulcerative colitis (UC) or Crohn's disease (CD).
Recent experimental evidence indeed implicates a crucial function of barrier dysfunction in the onset of inflammatory bowel disease (IBD). This article focuses on the role of the intestinal epithelium during maintenance of homeostasis and highlights the mechanisms of epithelial barrier dysfunction during intestinal inflammation.
In the steady state epithelial homeostasis is maintained by proliferation and cell shedding. The intestinal epithelium constitutes a physical barrier by its structural organization, by specialized innate immune cell functions, and by a tight regulation of the ratio between proliferation and cell death. The 3-dimensional structure of the small intestinal epithelium is characterized by invaginations denoted crypts of Lieberkühn merging with protrusions termed villi. In the large intestine villi are lacking resulting in a rather flat mucosal surface. Stem cells at the crypt base give rise to fast cycling progenitor cells, which migrate up toward the villus tip while they differentiate into the mature epithelial cell types. Finally, once reaching the villus tip of the small intestine or the epithelial surface of the colon, IECs are shed into the lumen and replaced by neighboring cells.
Because IECs have a limited lifespan of about 4-5 days, the epithelium has to be constantly replenished to prevent disruption of the intestinal epithelial barrier. This is enabled by multipotent intestinal stem cells, which reside at the crypt base. Stem cells divide, giving rise to epithelial transitamplifying cells, progenitor cells with very high proliferative capacity. Intestinal stem cells were first identified by several groups in the 1970s after using H 3 -thymidine to label and track proliferating cell populations. 7, 8 During the last decade especially the group of Hans Clever's elegantly refined stem cell fate mapping by creating a mouse-model to lineage trace a candidate marker for actively dividing crypt base columnar cells, which where intermingled with Paneth cells at the crypt base. These studies ultimately led to the identification of a specific marker for crypt base columnar stem cells, the leucine rich repeat containing G-protein coupled receptor-5 (Lgr5). 9 Since then, several other potential stem cell markers have been identified by in vivo linage tracing or by transgenic fluorescent labelling of cells, which are residing either at the crypt base columnar region or at the þ4 position (fourth cell position from the crypt base center) of the crypt. Stem cells at the þ4 position are located directly above the Paneth cells and have been described as quiescent, reserve stem cell populations, which are reactivated into a stem cell fate under specific physiological conditions, such as injury. 10 The constant proliferation at the crypt base is thought to provide the steric force that moves cells up the crypt villus axis. While migrating upward cells start to differentiate into the various mature IECs of the secretory or absorptive cell type. 11 Intestinal epithelial homeostasis not only depends on the ratio between proliferation and cell death, but also the balance between proliferating progenitor cells and differentiating IECs. This is warranted by the specialized microenvironment in which stem and progenitor cells reside, which is defined as stem cell niche. Within this niche, IECs, such as Paneth cells, and neighboring mesenchymal cells at the crypt base secrete signaling molecules that determine proliferation and differentiation. This special expression gives rise to a concentration gradient that regulates the preservation of the stem cell niche, proliferation of progenitor cells, and differentiation of IECs.
The 4 most important signaling molecules regulating the composition and proliferation within the niche are Wnt, Notch, bone morphogenic proteins (BMPs), and hedgehog ( Figure 1) . 12 Wnt ligands are produced by epithelial cells, Paneth cells, or mesenchymal cells and signaling into target cells leads to the activation of either the canonical and noncanonical Wnt pathway. 13 Canonical Wnt signaling drives proliferation and is mainly concentrated at the lower crypt, where stem cells are located.
14 Wnt signaling extends up to the transit amplifying area where the rapidly proliferating progenies of stem cells reside. In sharp contrast, noncanonical Wnt signaling is predominantly observed in the upper crypt area where proliferation ceases and differentiation becomes important. The expression of Wnt ligands and frizzled (Fz)-receptors was precisely studied by Gregorieff et al, 15 who revealed a strong expression of Wnt3 and Wnt9b by Paneth cells and the Wnt receptors Fz5 and Fz7 on stem cells in the small intestinal crypt, activating the canonical Wnt pathway. Wnt activation leads to the accumulation of b-catenin and subsequently to the transcription of several target genes that govern proliferation of intestinal stem cells. Wnt proteins can also be produced by mesenchymal cells neighboring the crypt, such as myofibroblasts. 16 Myofibroblasts can express Wnt2b, Wnt4, and Wnt5, which lead to the activation of the noncanonical pathway, driving cellular polarity and motility and therefore supporting the differentiation of IECs. 17 Although Wnt ligands and Fz receptors activate Wnt signaling, the pathway can be negatively regulated by antagonistic mechanisms, such as the secreted Fz-related proteins. 18, 19 Secreted Fz-related proteins are secreted predominantly by mesenchymal cells in close proximity to Wnt-producing intestinal stem cells to regulate Wnt signalling. 15 Another important protein family regulating epithelial proliferation and differentiation are BMPs, which belong to the transforming growth factor-b superfamily. 20 BMPs are produced by IECs and by mesenchymal cells throughout the crypt-villus axis. BMP antagonists, such as Noggin, were found to be expressed by myofibroblasts in the intestinal crypt. 21 In contrast to canonical Wnt signaling and the gradient of Wnt ligands, expression of BMPs increases along the crypt villus axis. 22 Conditional deletion of the type I BMP receptor Bmpr1a in mice resulted in disturbed epithelial homeostasis and regeneration with an increase in stem and progenitor cell populations and has led to the conclusion that BMP signaling is essential to control Wnt signaling and to warrant proper stem cell self-renewal. 22 One of the main decisions that have to be made during intestinal epithelial differentiation is the commitment to either the secretory or absorptive cell lineage. The most important signaling pathway regulating this decision seems to be the Notch signaling pathway. Notch receptors are expressed predominantly in the crypt compartment and their ligands (members of the Delta and Serrate/Jagged subfamilies) are expressed by the neighboring cells. 23 Several studies on Notch signaling in the gut have given rise to a model of how differentiation into the 2 main lineages is organized: if 1 progenitor cell expresses the notch receptor and its neighboring cell expresses the Notch ligand Delta1, Notch signaling in this progenitor cell leads to the expression of Notch-responsive genes, such as Hes1 and Hes5. These can be considered as master regulators of IEC differentiation and their expression drives the cell toward the absorptive cell fate. Interestingly, the Delta1 is especially expressed in cells of the secretory linage, thereby inhibiting the neighboring cell to become also secretory, a model that is known as lateral inhibition. 24 Thus lateral inhibition warrants coordinated differentiation into both major IEC lineages. Interestingly, recent evidence indicated that Notch signaling and thereby the balance of absorptive and secretory IEC can be regulated by inflammatory cytokines. 25 For example, interleukin (IL) 33 was shown to down-regulate Notch signaling in epithelial progenitor cells thereby promoting differentiation of these to Paneth and goblet cells. Because these cells are important contributors of antimicrobial defense, it indicates that immune-epithelial crosstalk is a central mechanism of host defence. 26 Mesenchymal cells in the vicinity of the intestinal crypt are considered critical for the maintenance of the niche. The niche-promoting functions of mesenchymal cells are dependent on hedgehog signaling. Hedgehog ligands, such as Indian hedgehog and sonic hedgehog, are expressed by epithelial cells and bind to the Patched 1 and Patched 2 receptors expressed on mesenchymal cells. 6 Paracrine hedgehog signaling was shown not only to be important for the expansion of the mesenchymal cells but also for overall intestinal homeostasis, because mesenchymal cells support the maintenance of the crypt-villus axis. 27 Collectively, epithelial proliferation and differentiation is maintained by several signaling pathways creating a defined milieu of niche factors controlling IEC fate. Disturbances in 1 of these signaling pathways might lead to the breakdown of the epithelial barrier and finally to the development of inflammation or to an undesired proliferative activity, resulting in the formation of tumors.
Maintenance of intestinal homeostasis requires structural integrity of the epithelium. The constant proliferation within the crypt thus requires a disposal of cells at more or less the same rate. Of note, the rate of apoptosis or necrosis in the steady-state gut is low and activation of caspases can be seen mainly in cells at the villous tip, especially in cells that are already in the process of cell shedding. The connection of cell death and cell shedding is still not fully understood, but experimental evidences rather implicate that epithelial cell shedding does not require cell death and that caspase activation is rather a consequence than a cause of the shedding process. Recently, significant progress has been made in understanding the molecular mechanisms of controlled IEC shedding. Watson et al 28, 29 used multiphoton microscopy to demonstrate that IECs are expulsed from the villus tip leaving a gap in the epithelium. Interestingly, it was shown that in the steady state, these gaps do not compromise intestinal barrier integrity because they were sealed with the TJ protein occludin and the TJ-associated scaffolding protein zonula occludens-1. Further investigations showed that the expulsion of IECs is carried out through a regulated pattern of molecular mechanisms: in a first step rearrangement of tight and adherens junctions and cytoskeletal proteins around the basolateral membranes is initiated. Rho-associated kinase, myosin light chain kinase (MLCK) and dynamin II activation build tension around the shedding cell and force them to be pushed into the lumen. 30 Meanwhile the gap is sealed with occludin, adjacent cells capture the space, and new junctions are made to tightly connect the cells.
Barrier Dysfunction as a Potential Cause of Intestinal Inflammation in Inflammatory Bowel Disease
Considering the endoscopic view in a patient suffering an acute flare, it is obvious that there must be a barrier dysfunction in patients with IBD. However, this observation leads to the question whether or not the barrier dysfunction is cause or consequence of IBD. As discussed in the following, several lines of evidence underline that a barrier defect alone suffices to develop IBD.
Besides the endoscopic view even the microscopic view strongly supports this impression by revealing a decrease in goblet cells 31 ; defective defensin production 32 and a reduced thickness of mucus layer; and an altered composition with regard to mucins, phosphatidylcholine, and glycosylation. 33 In addition, IBD has been associated with a dysbiosis that by itself can result in increased intestinal permeability. 34 Indirect data suggest that the barrier defect might precede the onset of disease. This includes the fact that even patients with quiescent IBD have been characterized by an increased paracellular permeability. 35 Furthermore, up to 40% of first-degree relatives of patients with CD show an altered small intestinal permeability. [36] [37] [38] [39] [40] [41] Although these relatives showed no overt symptoms of IBD, because studies with a long-term followup are currently not available, it is difficult to determine the impact of the altered small intestinal permeability. There is only 1 study of a first-degree relative that showed impaired permeability without symptoms during the time of evaluation but developed ileocolonic CD years after. 42 Of note, relatives of patients with IBD often show subclinical intestinal inflammation. For example, in studies measuring the fecal calprotectin concentrations, which represent the neutrophil flux in the intestine, patients with CD and their relatives showed significantly increased calprotectin levels compared with control subjects. 43, 44 Additionally, asymptomatic first-degree relatives of patients with CD show higher levels of basal intestinal mucosal cytokines, such as IL2, IL6, and IL8, in their intestinal mucosa than control subjects. 45 IBD can also be initiated by virtue of environmental triggers. Such substances as sodium caprate (an ingredient of milk fat) or acetylsalicylic acid can act on TJ proteins in noninflamed intestinal mucosa in patients with CD, leading to increased intestinal permeability. [46] [47] [48] This provides evidence that patients with IBD show a hyperresponsiveness toward damaging agents, such as nonsteroidal antiinflammatory drugs like aspirin, providing a potential first-step to the onset of IBD. Vice versa a dysregulated barrier function can predict the risk of a relapse for small intestinal CD. 36, 42, 49 Of note, therapeutic strategies might affect barrier functions: in particular TNF-a antibodies have been proven to revert intestinal barrier defects in patients responsive to this strategy. 50 In line with the previously mentioned findings in humans, animal studies show that a barrier defect can precede intestinal inflammation in vivo. For example, IL10 -/-mice develop spontaneous colitis while aging. 51 Strikingly, IL10 -/-mice, at 2 weeks of age, showed an increase in ileal and colonic permeability before the onset of intestinal inflammation. This primary permeability defect was associated with increased secretion of interferon-g and tumor necrosis factor (TNF)-a as inflammation developed. When raised under pathogen-free conditions these mice showed neither inflammation nor increased intestinal permeability, suggesting a dysregulated epithelial barrier response toward normal enteric microflora in these mice. Samp/YitFc mice show spontaneous ileal inflammation, which resembles many features of human CD. 52 In an approach to analyze if the inflammation was caused by a primary immune cell defect or a dysregulated epithelial barrier response, Olson et al 52 studied bone marrow chimeras. Indeed, similar to IL10 -/-mice, the authors could show that barrier permeability preceded the development of ileal inflammation. Animal study in mice deficient for the xenobiotic transporter mdr1a also supported that alterations in the intestinal barrier alone can be sufficient to drive colitis. 53 The authors of that study showed impaired phosphorylation of the TJ proteins occludin and zonula occludens-1 in mdr1a-deficient mice, which was associated with spontaneous development of colitis.
The complex signaling environment of the intestinal epithelium and the sensitive balance between proliferation and cell shedding provides great potential of disturbances.
Physiologic epithelial cell shedding is a process that involves rearrangement of TJ proteins to extrude the cell from the epithelium. MLCK is an important regulator of cell shedding. Mice with experimental colitis had increased expression of MLCK, which resulted in dysregulation of TJs and a severe loss of epithelial barrier function. 54 Interestingly MLCK was also shown to be up-regulated in active IBD, 55 implicating its involvement in altered epithelial integrity.
Another important molecule of epithelial integrity is Rho-A. The importance of Rho-A with regard to inflammation was shown by López-Posadas et al, 56 who showed that Rho-A signaling was impaired in patients with IBD, because of reduced expression of the Rho-A prenylation enzyme geranylgeranyltransferase-I. Mice lacking either Rho-A or geranylgeranyltransferase-I in IECs suffered from chronic intestinal inflammation, cytoskeleton rearrangement, and aberrant cell shedding. Another important molecule for regulated cell shedding and epithelial integrity is Rhoassociated kinase, a downstream effector of Rho-A and important for signal transduction pathways controlling adhesion, transmigration, phagocytosis, and proliferation. 57, 58 Rho-associated kinase was found to be highly activated in the inflamed intestinal mucosa of patients with CD, 59 suggesting impaired cytoskeletal rearrangements. Another major cause of barrier dysfunction is excessive cell death, such as apoptosis or necroptosis, which has been demonstrated to drive severe gut inflammation and bacterial translocation in mouse models.
60 Surprisingly, mice with a deficiency in junctional adhesion molecule (JAM)-A showed enhanced intestinal epithelial permeability and translocation of bacteria leading to lymphocyte infiltration but not to the development of colitis. 61 Similar results were obtained from Claudin-2 transgenic mice, which displayed increased mucosal permeability, but did not show signs of mucosal inflammation. Colonic macrophages from these mice exhibited immune anergy resulting in immune compensation. 62 This could be an analogous situation to that observed in asymptomatic first-degree relatives of patients with CD. They show a leaky intestinal barrier but need a further trigger to develop disease.
Although only the minority of diseases can be explained by the presence of mutations in risk loci, still several genes that are involved in the regulation of the intestinal barrier have been associated with IBD susceptibility including genes involved in bacterial antigen recognition, such as the nucleotide-binding oligomerization domain-containing protein (NOD)2/CARD15 variants 63, 64 or ATGl16L1 and IRGM. [65] [66] [67] This is of particular importance for rather monogenetic diseases mostly presenting as an early onset of IBD because in the case of a primary epithelial defect bone marrow transplantation is not an option. 68 In summary, the previously mentioned studies indicated that a primary defect in barrier function can induce chronic intestinal inflammation. However, one has to recognize that inflammation in the lamina propria can equally induce barrier dysfunction 69 and it remains to be determined in which cases barrier dysfunction is cause or consequence of inflammation.
Impact of Barrier and Channel Properties of Tight Junction Proteins in Inflammatory Bowel Disease
Barrier function is not only dependent on coordinated proliferation and cell death. The paracellular barrier function of the intestinal epithelium is determined TJs, a multiprotein complex, which tightens the paracellular cleft, but also specifically regulates its permeability. The barrier and passage function is controlled by 2 families of 4-fold-membrane-spanning TJ proteins: the TAMP (TJ-associated MARVEL [myelin and lymphocyte and related proteins for vesicle trafficking and membrane link] protein) family, 70 comprised of occludin, tricellulin, and marvelD3, and the large family of claudins (for review see 71, 72 ). Currently, 27 claudins are known in mammalia. 73 Of note, although many claudins possess barrier-establishing properties, several others in contrast mediate specific permeabilities (ie, by forming paracellular channels selective for small cations, anions, or water). For example, claudin-2 forms a channel for cations 74, 75 and water 76 through a common pore. 77 TJ proteins with 1 transmembrane domain are JAMs 78 and angulins. 79 They are not directly committed to barrier or channel functions. Instead JAM contributes to cohesion of the TJ and the angulins act as regulators (eg, of tricellulin). Along the intestine, TJ proteins are differently expressed in the proximal and distal segments 80, 81 with increasing expression of typical barrier-forming claudins, such as claudin-1, -3, -4, -5, and -8. In consequence, the tightness of cell junctions along the gut axis increases from small to large intestine. Conversely, the expression of claudin-12, which together with claudin-2 has been described as important for vitamin D-regulated Ca 2þ -uptake, 82 is high in the surface epithelium of the jejunum and decreases toward the colon. The channel-forming protein claudin-2 is typical for leaky epithelia characterized by high ion and water permeability. In the gut it is abundant in the surface epithelia of duodenum, jejunum, and ileum. However, claudin-2 is present to a certain amount also in the (healthy) colon, but here it is localized within the crypts. 81 Partly in parallel, claudin-15 also forms paracellular cation channels 83, 84 and is predominantly expressed in the small intestine, and is also present in colon segments. 85 However, in the intestine of young mice claudin-2 and claudin-15 abundance was found to develop in a reciprocal way, suggesting a teamwork behavior in maintenance of intestinal cation permeability. Importantly, a claudin-15-mediated sodium back-leak proved to be essential for sugar absorption via the sodium glucose transporter 1. 83 The TAMP occludin is expressed all over the intestine with increasing abundance toward the colon, which would be in concordance with a tightening role. Another TAMP, tricellulin, is predominantly located at the contacts of 3 cells 86 and tightens the tricellular TJ against macromolecule passage.
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Loss of occludin from the bicellular TJ leads to a shift of tricellulin from tricellular to bicellular TJs. 88 Collectively, TJs are mandatory for barrier regulation. Their composition differs in a temporal and spatial manner to regulate the requirements of paracellular transport.
During inflammation several effects on TJs have been observed. Ultrastructurally, changes in the continuity and number of TJ strands point to a disturbed paracellular barrier. The continuous, linear strand pattern of TJs typical for tight epithelia change in IBD to a particle-type appearance with strand breaks and loss of continuity, and the number of horizontally oriented strands is reduced in CD and in UC. 89, 90 When analyzing effects of inflammation on the molecular level, altered expression and localization of several TJ proteins can be detected. First and foremost, claudin-2 abundance increases in various inflammatory diseases, such as CD, 90 UC, 89 and celiac disease. 91 Functionally, this leads to a flux of cations and water via the paracellular pathway into the gut lumen, which gives rise to leak flux diarrhea. 92 Also for claudin-15 an increased expression has been reported in celiac disease, 91 which may add to the claudin-2-induced effects. Proinflammatory cytokines, such as TNF-a 90 and IL13, 89 have been linked to the observed claudin-2 increase. In addition, TNF-a causes a dislocalization of the barrier formers claudin-5 and claudin-8 from the TJ to sub-TJ membrane compartments and into endosomes. 90 In Caco-2 cells, the stimulation with IL1b caused an increase in intestinal TJ permeability by redistribution of occludin and elevated expression of MLCK. 93 IL6 produced mainly by epithelial cells and immune cells of the lamina propria increased the paracellular permeability to cations and led to an increase of the pore-forming claudin-2 in IEC. 94 Expression of other barrier-forming claudins is also often found to be down-regulated in several inflammatory or immune-mediated diseases (eg, claudin-4 and -7 in UC 95 ; claudin-4 in collagenous colitis 96 ; claudin-5 and -8 in CD 90 ; or claudin-3, -5, and -7 in celiac disease 91 ). Occludin downregulation has been reported for CD, 90 UC, 89 and collagenous colitis. 96 The lowered expression depends on the cytokines interferon-g and TNF-a. 97 In intestinal cell lines occludin knockdown increases macromolecule permeability. 98, 99 As for JAM-A, a complex role in intestinal homeostasis by regulating epithelial permeability and proliferation is assumed during inflammatory processes. 100 In summary, the segmental heterogeneity of TJ protein expression patterns determines distinct functions of the small and large segments of the healthy intestine. In IBD, expression changes cause segment-specific alterations in paracellular barrier and channel functions (Figure 2 ). These changes may lead to 2 general effects. 101 First is increased paracellular transport of solutes and water, typically mediated by up-regulated claudin-2 and down-regulated barrierforming claudins. As a consequence, ions and water diffuse from blood to lumen, causing leak-flux diarrhea. 92 Second is increased permeability to large molecules including luminal pathogens (eg, food antigens and bacterial lipopolysaccharides), which may initiate an immune response and cause or maintain inflammatory processes.
In summary, there are many specific and complex effects in different inflammatory processes and diseases making TJ Figure 2 . Paracellular intestinal barrier in health and inflammation. The paracellular barrier in healthy distal intestinal tissue is characterized by high expression levels of barrier-forming TJ proteins, which leads to a low paracellular permeability. In inflammation, the TJ barrier is disturbed. Channel-forming claudins are up-regulated in their expression (eg, by TNF-a or IL13), leading to an increased permeability for ions and water (pore pathway). Barrier-forming TJ proteins are down-regulated and can also be shifted into subjunctional regions or into endosomes, which further destabilizes the TJ barrier. Occludin, which is, besides tricellulin, involved in regulation of permeability for macromolecules, is also down-regulated by inflammatory processes (eg, by TNF-a or interferon-g), leading to increased paracellular permeability for macromolecules (leak-pathway). IFN, interferon.
proteins substantial factors for epithelial barrier impairment, but also for intervention.
Specialized Epithelial Cells Have Innate Immune Cell Functions
The intestinal epithelium is not only a physical barrier, it also has innate immune cell functions to actively combat pathogens through antimicrobial peptides and a protective mucus layer. The secretion of mucus and antimicrobial proteins by secretory cells, such as goblet cells and Paneth cells, provides a shield against bacteria, fungi, and other antigens in the intestinal lumen. 102 The mucus layer varies in its thickness between small and large intestine. 103 In the small intestine a loosely attached mucus layer can be observed that increases in thickness toward the colon. Although the mucus of the small intestine composes only 1 layer, the colon mucus is 2-layered. Although the outer layer is loose and can be accessed by bacteria, the inner layer is attached to the epithelial surface and is considered to have protective functions because it is impermeable to the luminal bacteria. The main framework of the mucus barrier is built by gel forming mucins, such as Mucin-2 and Mucin-6 secreted by goblet cells. 104, 105 Mucins are glycoproteins building a network that is largely impermeable for pathogens. Furthermore, goblet cells produce trefoil factor 3, which has been shown to be important for mucosal restitution together with mucins. [106] [107] [108] Another goblet cell product, Resistin-like molecule-b, was shown to act as an immune-effector molecule. On nematode infection, Th2-derived cytokines induced Resistin-like molecule-b expression in goblet cells and impaired the chemosensory function of the nematode. 109 Another important epithelial cell type that secretes host defense molecules is the Paneth cell of the small intestinal crypt. Intermingled between intestinal stem cells, Paneth cells secrete a plenty of antimicrobial peptides, the most abundant ones of which are defensins. In humans a-defensin (HD) 5 acts against gram-positive and gram-negative bacteria, by permeabilizing the plasma membrane, 110 whereas HD6 showed a specialized way of inactivating pathogens. Accordingly, Chu et al 111 provided proof of evidence that HD6 was able to fight off Salmonella typhimurium by attaching to the bacterium and performing a selfassembly, thereby creating nanonets that enclose bacteria. Of note, HD5 and HD6 are down-regulated in patients suffering from CD. 112 Lysozyme is another important molecule released by Paneth cells and has been shown to be an efficient glycosidase that hydrolyses peptidoglycan of the bacterial cell wall. 113 The lectin-regenerating islet-derived protein III-g is also expressed by Paneth cells (but also from other IEC types). 114, 115 Similar to lysozyme, it acts against the bacterial cell wall. It has been shown that mice deficient for regenerating islet-derived protein III-g showed signs of constitutive inflammatory responses. 116 Given the special location of Paneth cells intermingled with stem cells in the intestinal crypts, one might suggest a gradient of antimicrobial peptides with high expression levels at the crypt base where the stem cells reside. Therefore, Paneth cells might be considered antimicrobial guardians of the stemcell niche.
Influence of the Gut Microbiota on Intestinal Barrier Integrity
Over the past years, several studies documented changes in the commensal gut microflora of patients with IBD (reviewed in 117 ), including a reduced complexity of commensals or a shift toward a specific phylum. It is currently not clear whether these disturbances are cause or consequence of the manifestation of IBD.
The intestinal microbiota represents the entirety of microorganisms in the human intestine and includes not only bacteria but also fungi and viruses. 118 The most frequent microorganisms are commensal bacteria that are beneficial for the host. They help to digest nutrients and also compete with pathogens for the same ecological niches. 119 To distinguish between harmful pathogens and beneficial commensals, IECs and innate immune cells, such as dendritic cells and macrophages, are equipped with a variety of innate immune receptors, known as pathogen recognition receptors, 120 which recognize conserved microbeassociated molecular patterns, such as bacterial DNA, bacterial components like flagellin, or components of the bacterial cell wall like lipoteichoic acid, muramyl dipeptide, peptidoglycan, or lipopolysaccharide. 121, 122 Pathogen recognition receptors include Toll-like receptors, NOD-like receptors, and Rig-I like receptors. Microbe-associated molecular patterns are constantly stimulating IECs to produce antimicrobial peptides, such as REGIII-g and angiogenin-4 (reviewed in 123 ) or cytokines, such as IL33 124 and IL25. 125 These mediators are important to form so-called tolerogenic macrophages and dendritic cells to preserve a symbiotic situation and balance the microbial composition. 126 Importantly, this interplay of microbes with the intestinal epithelium and the immune system regulates homeostasis of the intestine.
It is known that patients suffering from IBD show disturbances in the recognition of pathogens because of alterations in the expression of pathogen recognition receptors. Frameshift mutations of the NOD-2 gene were identified in patients with CD.
127,128 NOD-2 has been shown to be required for the regulation of commensals in the intestine 129, 130 because it is a member of the NOD-like receptor family and expressed in the cytosol of IECs recognizing bacterial muramyl dipeptide. 131, 132 Interestingly, mice deficient for NOD-2 showed impaired goblet cell function and increased numbers of interferon-g producing intraepithelial lymphocytes. 130 Furthermore it was shown that NOD-2-deficient mice were intensely enriched in Bacteroides vulgatus, usually a known commensal microbe, potentially causing higher susceptibility to mucosal inflammation. Another example for the interaction of the microbiota with the intestinal epithelium is the production of the IL2 cytokine member, thymic stromal lymphopoietin (TSLP), which is produced by IECs in response to commensals, such as gram-negative Escherichia coli or grampositive Lactobacillus rhamnosous.
133 TSLP signals via signal transducer and activator of transcription (STAT) activation and leads to up-regulation of CD40, CD80, and CD86 on dendritic cells mediating a noninflammatory TH2 134 or Treg 135 induction. 136 These findings were confirmed by Taylor et al, 137 who could show that mice with genetic ablation of the TSLP receptor displayed increased IL12/23p40 and interferon-g production during acute intestinal inflammation induced by dextran sodium sulphate. Hence, the overexpression of IL12 from dendritic cells is suggested to counterregulate the development of TH2 cells. Interestingly, IECs from patients with CD failed to produce TSLP, which correlated with the inability to control IL12 release, disturbing intestinal homeostasis. 138 These findings support a disturbed microbiota in patients with IBD, which can be initiated because of a dysregulated epithelial-immune cell communication. The appreciation of intestinal microbes as being beneficial for the host, especially in shaping the intestinal barrier, has been the justification of using probiotics as a dietary supplement. Extensive studies analyzed the beneficial effect of probiotics, such as L rhamnosus, Enterococcus faecalis, and Bifidobaceterium brevis, on the intestinal epithelial barrier function. By using mouse models investigators could show a beneficial effect of probiotics countering intestinal inflammation. This might be caused by barrier-supportive effects because intestinal permeability was reduced when mice or rats were treated with a probiotic cocktail. [139] [140] [141] [142] [143] [144] Taken together, the intestinal microbiota shows to be an important regulator of epithelial-immune cell communication and patients with IBD often show a dysbiosis. Shaping the gut microflora with specific probiotics is now seen as a supportive therapeutic approach in the treatment of IBD.
Inflammatory Mediators Are Major Regulators of Epithelial Cell Function and Barrier Establishment
The inflammatory process leads to a strong burst of environmental factors that are processed by the intestinal epithelium to rebuild the epithelial barrier. The mechanisms of epithelial repair can be divided into 3 specific processes. First, in an initial phase, which is termed epithelial restitution, epithelial cells lose their columnar polarity and migrate to the site of the injury to rapidly seal the defective barrier (Figure 3) . 145 Factors that induce this first step of healing are predominantly produced by epithelial cells, to warrant this fast response after injury. Bioactive transforming growth factor-a and transforming growth factor-b have been shown to be important for the restitution process. 146, 147 Moreover, goblet cell products, such as trefoil factors and galectin-2 and -4, have been shown to be involved in the first step of epithelial wound closure. 107, 148 Subsequently these factors lead to changes in the cytoskeleton and finally to epithelial cell migration. [149] [150] [151] In a second step, depending on the cause of injury, epithelial cells receive signals, such as cytokines, growth factors, and bacterial products. The receipt of these signals induces signaling pathways resulting in the activation of transcription factors, such as STAT-3, and -5 and nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-kB). 152 Many of these signaling events seem to be host protective. Mice with a specific deletion of STAT3 in IECs are highly susceptible to dextran sodium sulphate and showed impaired wound healing. 153, 154 A major inducer of STAT3 activation in the intestinal epithelium is IL22, produced by group 3 innate lymphoid cells, which is highly upregulated during intestinal inflammation. 155 By in vitro studies Lindemans et al 156 provided evidence that intestinal organoids increase their growth after stimulation with IL22 by activating STAT3 signaling. Interestingly, genomewide association studies indicate that IL22 is located at a UC risk locus. 157 Davidson et al 158 reported alterations of the colonic stem cell gene signature during dextran sodium sulphate-induced colitis in mice. Lgr5 þ stem cells were diminished in the distal colon and alterations in the crypt structure could be observed. Furthermore, they could detect decreased expression levels of Lgr5, achaete-scute homolog, and homeodomain-only protein mRNA. During the recovery phase Lgr5 þ stem cells reappeared. Genetic ablation of STAT5 in IECs and also specifically in Lgr5 þ stem cells led to destruction of the intestinal crypt compartment with diminished proliferation and severe inflammation. 159 NF-kB up-regulation is often seen during intestinal inflammation but NF-kB has been shown to have proinflammatory and anti-inflammatory roles (for review see 160 ). During inflammatory processes NF-kB mediates wound healing in IECs. 161, 162 In contrast, abolition of canonical NF-kB activity in IECs, shown by deletion of NF-k-B essential modulator or by combined deficiency of IkB kinase 1 together with IkB kinase 2, caused dramatic inflammation of the colon. This demonstrates the necessity of functional NF-kB activity during mucosal healing in the colon. 163 In a third step, the activated replenishment of new IECs acquires also a well-defined differentiation process of the epithelial progenitors into mature IECs of either the absorptive or secretory linage. Inflammatory cytokines, such as IL6, induce epithelial cell proliferation through the IL6 coreceptor gp130, which was shown to induce YAP/ Notch signaling. 164 Notch activation induced expression of Hes-1, inhibiting the differentiation of Paneth and goblet cells. Of note, patients suffering from IBD often manifest elevated levels of IL6 and diminished Paneth and goblet cells.
Increasing evidence indicates that secreted factors during inflammation are able to shape the stem cell compartment. The Wnt pathway is another major pathway in the intestinal crypt, and is important for preservation of the stem cell niche. During intestinal injury it was revealed that Wnt signaling is up-regulated by cytokines inducing STAT6 activation produced by M2 macrophages 165 and that the inhibition of the Wnt pathway (eg, by accelerated expression of the Wnt antagonist DKK1) leads to a reduced proliferation rate during inflammation in the large intestine. 166 Taken together, it is evident that several cytokines released during intestinal inflammation not only activate immune cells to eradicate microbial challenges but at the same time act on epithelial cells to protect the barrier from the consequences thereof. More research has been undertaken to better understand the complex interplay of immune and epithelial cells and the meaning of this transcommunication for the development of IBD.
Conclusions
The intestinal epithelium can be seen as a translator between the intestinal microbiota and the immune system. The epithelium receives signals from the microbiota via pathogen recognition receptors and translates these into signals forwarded to mucosal immune cells. Vice versa, IECs receive signals from immune cells and translate them into signals shaping barrier function and even the composition of the gut microflora. Previous concepts trying to explain the development of IBD primarily focused on either immuneintrinsic or barrier intrinsic dysfunction. However, none of these concepts alone has been successful to explain all features of IBD. At the same time, data in the literature do not fully support a causative defect in the intestinal epithelial barrier as a primary etiologic factor leading to the manifestation of IBD. An emerging and attractive hypothesis integrating aspects from immune and epithelial explanation approaches is that IBDs are caused by a dysregulated communication between IECs and the immune system. Identifying important molecular interactions of the intestinal epithelium with the microbiota and the immune system influencing intestinal permeability and communication with the immune system will provide important insight into the pathogenesis of IBD and has potential to yield novel therapeutic approaches.
